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M) and endothelial denudation nearly abrogated all ANG II-stimulated constrictor activity in GA from post-AKI rats, suggesting an important role for an endothelial-derived source of peripheral oxidative stress. Apocynin treatment in vivo abrogated GA oxidant stress and attenuated ANG II-induced pressor responses post-AKI. Interestingly, gene expression studies in GA vessels indicated a paradoxical reduction in NADPH oxidase subunit and AT1-receptor genes and no effect on several antioxidant genes. Taken together, this study demonstrates that AKI alters peripheral vascular responses by increasing oxidant stress, likely in the endothelium, via an undefined mechanism. ischemia; vascular regulation; oxidant stress ISCHEMIA-REPERFUSION (I/R) of the kidneys in rats is a common model to study the pathogenesis and reversibility of acute kidney injury (AKI). I/R injury results in a profound loss of renal function and significant damage to renal tubular cells. An interesting aspect of this model is the increasingly recognized effects that renal injury has on distant organs. Renal injury is associated with the liberation of a number of cytokines that may result in cardiovascular instability and affect outcome of patients with AKI (11) . In animal models, AKI induced by I/R results in immune-mediated damage in the pulmonary system and brain (15, 24, 27) . Similarly, Kelly (23) demonstrated compromised cardiac contractility and cardiac myocyte apoptosis following renal I/R.
Despite the typical recovery of renal tubular structure indicative of this model, there are permanent alterations in renal microvascular structure that may promote renal hypoxia and alter renal hemodynamics, thereby predisposing the development of chronic kidney disease (CKD) (4, 40) . In addition to renal anomalies, we have also demonstrated chronic alterations in vascular control and blood pressure regulatory mechanisms of postischemic recovered animals. For example, rats following recovery from bilateral I/R injury maintain normal blood pressure values after 5 wk of recovery; however, these animals will develop hypertension when challenged with elevated sodium intake (3, 4, 31, 32, 40) . In addition, we have demonstrated that conscious rats between 4 and 8 wk of recovery from I/R have enhanced pressor responses to ANG II stimulation using doses as low as 10 ng·kg Ϫ1 ·min Ϫ1 (3, 4) . Increased vasoconstrictor reactivity was observed in cremaster muscle arterioles in situ and isolated skeletal muscle arteries following 5 wk of recovery from I/R compared with sham controls. Interestingly, contractility of post-AKI vessels was enhanced in response to ANG II, but not in response to stimulation with norepinephrine (NE), increased PO 2 , acetylcholine, and nitroprusside (3) .
The mechanisms underlying this enhanced ANG II activity in the post-AKI state are not clear. Previously we showed that both plasma renin activity and basal ANG II levels are not different from sham-operated controls following 5 wk of recovery from AKI (3, 40) . Because ANG II activity is known to be enhanced by vascular oxidative stress (8, 36) , we hypothesized that AKI alters vascular oxidant generation, which contributes to increased vascular ANG II sensitivity in postischemic animals. The following studies were therefore conducted to determine the role of oxidant stress in the enhanced peripheral vasoconstrictor reactivity to ANG II following recovery from a standard rat model of AKI.
METHODS

Animals.
Care of the rats before and during the experimental procedures was conducted in accordance with the policies of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All protocols received prior approval by the Institutional Animal Care and Use Committees at Indiana University and the Medical College of Wisconsin, where some studies were initiated.
Male Sprague-Dawley rats ϳ250 g were housed in pairs in standard shoe-box cages with 12:12-h light-dark cycle. Animals were acclimated to a lab diet (cat. no. AIN76A; Dyets, Bethlehem, PA) with a defined 0.4% Na content. Food and water were available ad libitum.
Induction of AKI.
To induce AKI, rats were anesthetized with ketamine (100 mg/kg ip) and pentobarbital sodium (25 mg/kg ip) placed on a heated surgical table. Following a midline incision, the blood supply to the kidneys was interrupted by applying microvascular clamps on the renal pedicles of both kidneys for a period of 40 min (40) . The clamps were then released, and reperfusion was visualized. Additional rats were subjected to sham surgery where the kidneys were exposed but not touched. Rats were allowed to recover from either sham or postischemic surgery for a period of between 5 and 6 wk, and animals were then prepared for analysis of microvascular reactivity or evaluation of blood pressure responses to ANG II. In one group of studies, post-AKI animals were treated in vivo between weeks 4 and 5 with apocynin (15 mmol/l; Sigma) in the drinking water for a total of 7 days, while a control group of rats continued on normal drinking water ad libitum. In some studies, similarly treated animals were prepared, and tissues were isolated for subsequent RNA analysis.
Measurement of renal function. For measurement of serum creatinine, tail blood samples (0.5 ml) were collected into heparinized tubes and plasma obtained by centrifugation. Serum and urine creatinine were determined using Beckman Creatinine Analyzer II.
Preparation of isolated resistance vessels. The small muscular branch of the femoral artery supplying the gracilis muscle was freed from surrounding tissue and allowed to equilibrate in situ for 30 min with the application of warm physiological salt solution. After the equilibration period, the artery was carefully excised. The gracilis artery was located using a dissecting microscope and carefully isolated to separate the vessel from the surrounding parenchymal tissue. GA were cannulated with glass micropipettes filled with cold bicarbonate buffer (physiological salt solution) consisting of (in mM): 123 NaCl, 4.4 KCl, 2.5 CaCl 2, 1.2 MgSO4, 20 NaHCO3, 1.2 KH2PO4, and 11 glucose. Both ends of the vessel were secured with 10-0 nylon Ethilon monofilament suture, and the vessel was maintained at an intraluminal pressure of 20 mmHg for 30 min. Each preparation was transferred to the stage of an inverted microscope (magnification, ϫ200) attached to a video camera, video monitor, VCR recorder, and a video measuring device (Boeckeler VIA-100). The external bathing medium was continuously superfused with heated buffer solution (pH ϭ 7.4 Ϯ 0.05, PO2 ϭ 140 Ϯ 10 mmHg) aerated with a gas mixture of 21% O2-5% CO2, -74% N2 and maintained at 37°C. Under these conditions, PO2 values during 21% O2 are 140 Torr (12) . After a 1-h equilibration period, every vessel was pressurized to 80 mmHg, and arterial reactivity was assessed in response to ANG II (10 Ϫ8 M) and NE (10 Ϫ8 M (both from Sigma) in the presence and absence of the xanthine oxidase inhibitor allopurinol (10 Ϫ6 M; Sigma) or the NADPH oxidase inhibitor apocynin (10 Ϫ6 M; Sigma). In separate studies, the sequencing of the pharmacological inhibitors was reversed to control for an ordering effect of allopurinol and apocynin on constrictor responses. In some studies, the endothelium was removed in arterioles by bolus injection of 3 ml of air through the vessel as described previously (12) . Effective denudation was determined by elimination of the dilation to ACh (10 Ϫ4 M). Evaluation of apocynin treatment on acute pressor responses. In some studies, at 5 wk of recovery from I/R injury, animals were anesthetized with ketamine HCl (13 mg/kg im) and thiopental (100 mg/kg ip). Rats were placed on a heated surgical board to maintain body temperature at 37°C. The trachea was cannulated to facilitate respiration, and catheters were placed in the femoral artery and vein to facilitate measurement of blood pressure and for infusion, respectively. Blood pressure was monitored using a Biopac data acquisition system, and animals were allowed to recover for 30 -60 min while being infused with 1% BSA in saline at a rate of 1 ml·kg Ϫ1 ·h Ϫ1 . In these anesthetized preparations, blood pressure responses were evaluated by infusion of ANG II at doses of 50, 100, and 200 ng·kg Ϫ1 ·min Ϫ1 (Sigma) for 15 min. Fluorescence detection of reactive oxygen species. The cell-permeable dye dihydroethidine (Molecular Probes, Eugene, OR) was used to evaluate the production of superoxide (O2 ·Ϫ ): briefly, arterioles were cannulated and maintained at 37°C in a 3-ml chamber at an equilibration pressure of 60 cmH2O for 30 min. Vessels were exposed to dihydroethidium (DHE; 5 ϫ 10 Ϫ6 M) for 30 min and then washed and examined under fluorescence microscopy equipped with a krypton/argon laser fluorescent microscope (Nikon Eclipse model TE 200). Fluorescence was detected with a 585-nm long-pass filter, and digital images were recorded. The baseline measurement of fluorescence in the absence of flow was used as a control to adjust for laser settings. Those settings were maintained constant throughout the remainder of the experiment. The fluorescence intensity of the central portion of the vessel was obtained in the absence of flow and every 5 min during 10 min of exposure to ANG II (10 Ϫ8 M). Acquired images were analyzed for fluorescence intensity in arbitrary units per minute using NIH Image software, and the rate of superoxide generation was calculated as the change in arbitrary units of fluorescent intensity per minute over the 30-min period normalized to the value in the absence of ANG II (33) .
Separate studies were used to evaluate the role of NADPH oxidase on superoxide production during AKI. DHE fluorescence was determined in vessels isolated from AKI in the presence and absence of apocynin (10 Ϫ6 M) and ANG II (10 Ϫ8 M). In these studies, vessels from the same animal were exposed to ANG II in the presence and absence of apocynin or vehicle (10 min). Vessels were loaded with 5 ϫ 10 Ϫ6 M DHE for 30 min at 37°C in HEPES buffer (pH 7.4). The vessels were rinsed three times and mounted on slides for the measurement of DHE as described above.
To evaluate the in vitro production of peroxide, vessels were loaded with 5 ϫ 10 Ϫ6 M 2=,7=-dichlorodihydrofluorescein diacetate (DCF-DA). DCF-DA oxidizes rapidly to the highly fluorescent 2=,7=-dichlorofluorescein in the presence of reactive oxygen species (ROS) (33) . DCF-DA fluorescence was excited by light at a 488-nm and visualized using fluorescence microscopy as described above.
Malondialdehyde levels in rat plasma. The malondialdehyde (MDA) level in a plasma sample was measured using HPLC with UV detection as described previously with modifications (9, 34). Briefly, 0.2 ml serum was mixed with 40 l of 6 M NaOH. The mixture was incubated at 60°C for 30 min to hydrolyze the protein-bound MDA. Protein was precipitated with 100 l of 35% (vol/vol) perchloric acid and centrifuged at 10,000 g for 10 min. Supernatant was transferred to a clean glass tube, and 25 l of 2,4-dinitrophenylhydrazine (5 mM solution in 2 M hydrochloric acid) was added. After being incubated for 15 min at room temperature, the mixture was extracted with 1 ml of n-hexane twice. The organic phases were combined and dried under nitrogen flow. The extractant was reconstituted in 200 l of 20% acetonitrile. An aliquot of 50 l-reconstituted sample was injected onto a Waters Alliance 2690 HPLC system with a Waters 996 Photodiode Array detector (Waters, Milford, MA). MDA was separated on a reverse-phase LC-18-DB column (3 M, 150 ϫ 4.6 mm; Supelco, Bellefonte, PA) and detected with a UV detector at a wavelength of 290 nm.
RNA isolation and real-time PCR. In some studies, rat GA were microdissected and immersed in RNA Later (Ambion). Total RNA was isolated from whole kidney by using a Qiagen total RNA microisolation kit optimized for use with fibrous tissue, according the manufacturer's recommendations. Individual primer sets specific for NADPH oxidase subunits and AT1-receptors (See RESULTS, Table 1) were purchased from SA Biosciences (Frederick, MD). In addition, the rat "oxidative stress and antioxidant defense" RT 2 Profiler PCR Array (cat. no. PARN-065) and RT 2 Real-Time SYBR Green/ROX PCR kit was also purchased from SA Biosciences. Real-time PCR was performed on ABI Prism 7900 HT (Applied Biosystems) according to the manufacturer's instructions. RT reactions were performed on 20 ng total RNA for each sample, and the total product was divided evenly per a 96-well array plate. An identical amount of RT reaction product was utilized for individual real-time PCR reactions unless otherwise indicated. The samples were derived from gracilis arterioles of three sham and three postischemic rats at 35 days postsurgery.
Statistical analysis. All data are expressed as means Ϯ SE. Responses to ANG II were assessed with repeated-measures ANOVA to determine the effect of the treatment on the response. Further analysis was completed with Student's t-test for a single dose of ANG II. To compare multiple treatment groups receiving a single dose of a drug, one-way ANOVA was used. Differences in the means after one-way ANOVA were determined with post hoc analysis using a StudentNewman-Keuls post hoc test. P Ͻ 0.05 was considered to be statistically significant.
For data analysis of PCR, the ⌬⌬Ct method was used with the aid of a Microsoft Excel spreadsheet containing algorithms provided by the manufacturer. Fold changes were then calculated and expressed as log-normalized ratios of values from postischemic/sham-operated tissues.
RESULTS
The effect of recovery from AKI on vascular sensitivity was addressed in rats ϳ 5 wk following recovery from sham surgery or I/R injury as previously reported (3). I/R injury resulted in an early loss of renal function indicated by serum creatinine values rising to between 2.5 and 4.2 mg/dl 24 h following surgery and returning to values of sham-operated controls at the time of analysis (i.e., 5 wk postsurgery).
Since previous studies indicate vasoconstrictor responses to ANG II were enhanced in GA (3), we evaluated whether GA from postischemic animals had increased levels of oxidative stress. DHE fluorescence was used to measure superoxide generation in vessels isolated from sham-operated or postischemic animals and in response to ANG II (10 Ϫ8 M) administration in vitro. Representative images derived from fluorescent microscopy are shown in Fig. 1 , A-D, and the relative fluorescence values are summarized in Fig. 1E . Importantly, there was evidence of increased superoxide production in vessels from AKI compared with sham control animals as indicated by a significant ϳ 2.5-fold increase in DHE signal intensity measured in isolated skeletal muscle resistance arteries (P ϭ 0.018). We also sought to determine the potential effect of ANG II on the stimulation of superoxide in vessels from sham and post-AKI rats; ANG II had no effect on the DHE fluorescence in vessels from sham-operated control rats. The DHE signal in vessels from post-AKI rats was significantly higher after ANG II relative to pre-ANG II treatment ( Fig. 1E ; P ϭ 0.003; n ϭ 10). To determine whether H 2 O 2 generation is Values are natural log-of-ratio-derived ⌬⌬Ct values; negative values represent suppressed expression vs. sham-operated control. *Genes considered differentially expressed as defined as ratio Ͼ mean Ϯ 2*SD using the distribution of ratios derived from the RT2 profiler array assayed identically and described in Table 2 . †Gene had low level expression and was subsequently reassayed with 10ϫ higher RT product than was used for all genes in Tables 1 and  2 . Under these conditions, the expression was consistently detectable in the samples derived from the sham-operated control samples but not in all samples from experimental samples. For calculation purposes, the undetectable samples were considered at Ct ϭ 40 for the computation of ⌬⌬Ct values. elevated post-AKI, we used DCF-DA fluorescence. The H 2 O 2 tended to be increased but was not significant in GA from post-AKI vessels in both the basal and ANG II-induced state compared with sham animals (Fig. 2) . ANG II did not significantly increase H 2 O 2 . In separate studies, the superoxide dismutase mimetic Tiron (10 Ϫ5 M) and the peroxide scavenger polyethylene glycol catalase (500 U/ml;) reduced the DHE (ratio vs. baseline: 0.38 Ϯ 0.08; P ϭ 0.02) and DCF (ratio vs. baseline: 0.48 Ϯ 0.09; P ϭ 0.05) fluorescence in arteries from AKI rats demonstrating the specificity of these probes for superoxide and H 2 O 2 , respectively.
In addition, we sought to evaluate whether recovery from AKI was associated with a generalized increase in circulating oxidant stress. Recovery from AKI was evident by resolution of serum creatinine to levels of sham-operated controls in the cohort of experimental animals evaluated for oxidant stress. There was a significant 23% increase in plasma MDA levels in postischemic animals relative to corresponding sham-operated controls (sham, 11.5 Ϯ 0.4 nmol/ml Ϫ1 ; post-I/R, 14.2 Ϯ 0.7 nnmol/ml Ϫ1 ; P Ͻ 0.05 by Student's t-test). These data indicate that oxidant stress markers in the circulation and the vascular wall of skeletal muscle resistance arteries are increased in AKI animals compared with controls.
Rat skeletal muscle resistance arteries (ϳ140 m) were isolated and suspended on micropipettes, and contractile responses were evaluated in vitro as a function of increasing ANG II concentrations. There was no difference in the baseline diameters of the GA of sham (148 m Ϯ 3) and AKI (142 m Ϯ 10) animals. Similar to our previous work (3), the ANG IIinduced response of vessels isolated from post-I/R rats was significantly enhanced relative to vessels isolated from shamoperated control rats (Fig. 3, A vs. B) . Because ANG II activity may be influenced by ROS, we also measured responses in the presence of the superoxide dismutase mimetic, Tempol (10 Ϫ5 M). Tempol had no effect on ANG II-induced constriction of vessels isolated from sham-operated control animals (Fig. 3A) . In contrast, Tempol significantly attenuated the constrictor responses to ANG II in arteries of AKI rats, bringing the response to levels similar to that observed in sham-operated controls (compare Fig. 3, B to A) .
To evaluate the source of oxidant stress in vessels from AKI rats, vascular reactivity studies were performed in vessels from AKI animals in the presence of the putative NADPH-oxidase inhibitor apocynin and the xanthine oxidase inhibitor allopurinol. Apocynin had no detectable effect on vessels derived from sham-operated controls (Fig. 4A ) but completely blocked ANG II-induced constriction in GA from post-AKI rats (Fig. 4B , black bars vs. white bars). The effect of apocynin was reversible, as the enhanced ANG II-induced constriction was restored after a 30-min apocynin washout period (Fig. 4B, striped bar) . In contrast, there was no effect of allopurinol on constrictor responses to ANG II in GA from post-AKI rats (Fig. 5) . These results suggest that ANG II-induced constriction shifts to an NADPH-dependent, oxidant-dependent state following recovery from AKI.
We next addressed whether the prominent apocynin effect in vessels from post-AKI rats was selective for ANG II-induced constriction or was a generalized phenomenon. In a previous study, we demonstrated that the postischemic pressor response of GA to NE was not different from sham-operated controls (3) . Similarly, additional studies confirmed that the NE-induced constriction in GA was not different in vessels from sham-operated and postischemic animals (compare Fig. 6, A  vs. B, open bars) and that apocynin did not influence the NE response in either group (Fig. 6, black bars) .
To distinguish the role of endothelial or smooth muscle cells, ANG II-induced vasoconstriction was evaluated in endothelium-denuded microvessels from sham-operated or postischemic rats. The dose-response profile observed in denuded vessels from sham-operated control rats was similar to that observed in normal, endothelium-intact vessels from control rats (compare Fig. 7 , black bars, with Fig. 3A, dark bars) . Interestingly, the ANG II response in denuded vessels obtained from post-AKI rats was not enhanced, but rather was significantly attenuated (Fig. 7, open bars) . These studies suggest that the endothelium contributes increased ANG II sensitivity post-AKI.
We confirmed the contribution of NADPH oxidase activity to ANG II-induced superoxide production in AKI by measuring DHE fluorescence in vessels in the presence or absence of apocynin. Fig. 8A demonstrates the change in DHE fluorescence signal, measured as a ratio to control vessels, derived from post-AKI rats. ANG II (10 Ϫ8 M) stimulation augmented the DHE fluorescence signal in post-AKI animals; apocynin treatment (10 Ϫ6 M) in vitro significantly lowered DHE fluorescence in post-AKI animals with or without stimulation by ANG II.
DHE fluorescence was also measured in vessels from postischemic animals at day 35 (5 wk). Apocynin treatment in vivo between days 28 and 35 post-I/R resulted in a ϳ50% reduction in DHE signal relative to post-AKI rats maintained on normal drinking water (Fig. 8B) . These data suggest that the NADPH oxidase system plays a role in the increased oxidant stress observed in peripheral blood vessels of postischemic animals. Treatment with apocynin in vivo reduced ANG II pressor responses in postischemic animals; Fig. 9 demonstrates the pressor effect of ANG II in anesthetized rats, which was significantly attenuated by treatment with apocynin.
We next evaluated whether recovery from AKI was associated with an increase in the molecular expression of genes associated with the NADPH oxidase system or antioxidant defense mechanisms by comparing the mRNA expression of genes in the GA of sham-operated and postischemic rats. These studies utilized both specific primer sets corresponding to There was no effect of apocynin on norepinepherine responses in either group. different NADPH oxidase genes as well as a pathway-based real-time PCR array (RT2 profiler) corresponding to oxidantand antioxidant-related genes.
Paradoxically, both NADPH oxidase genes measured (Nox2/gp91 and Nox1), as well as AT1b mRNA expression, was reduced in GA from postischemic rats ( Table 1) . Evaluation of the oxidant stress pathway-targeted commercial PCR array demonstrated that 63 of 84 test genes were detectable in rat GA. However, only four of these genes (UCP-3, myoglobin, scl38a, and Zmynd17) were significantly reduced in post-AKI vessels, while no genes were significantly enhanced. Genes included on this PCR array that are related to the NADPH oxidase system were not affected by I/R injury ( Table 2) .
DISCUSSION
In early AKI, data from animal models suggest that kidney injury compromises function in distant organs (15, 24, 27) . These studies were undertaken to understand the complex nature of intensive care unit patients with AKI and the recognition that kidney injury may lead to overall hemodynamic instability, perhaps via activated humoral pathways. In addition, recent studies using animal models have demonstrated that IR-induced AKI has a persistent effect on kidney structure resulting in predisposition to CKD (40) . More recently, a number of reports now suggest a link between AKI and the development of CKD and hypertension in both pediatric and aging populations (2, 19) .
The results of the present study suggest that, within the confines of a well-described rat model of AKI, the persistent effects of AKI are not limited to the kidney but extend to the peripheral vasculature. The purpose of this study was to delineate mechanisms leading to impaired peripheral vascular function in post-AKI rats, which have undergone a functional renal recovery but prior to the development of classic manifestations of CKD and hypertension. There are two major novel findings of this study. First, ROS are persistently elevated in the vascular wall of skeletal muscle resistance arteries of rats following AKI. Second, the mechanism of enhanced ANG II vasoconstrictor activity in skeletal muscle resistance arteries from AKI rats likely involves endothelium-derived superoxide.
Mechanisms of enhanced ANG II responsiveness.
Recent evidence suggests that elevated vascular superoxide production is responsible for reduced vasodilation and decreased nitric oxide bioavailability during AKI (21) . Other studies indicate treatment with antioxidant supplements reduce oxidative stress during hypertension and kidney disease (1, 18) . In the present study, we sought to determine the role of ROS generation in contributing to the enhanced reactivity of isolated GA to ANG II. DHE and DCF fluorescence were used to assess oxidant generation in the vascular wall of GA from AKI and sham-operated control rats. GA demonstrated increased dihydroethidine and DCF fluorescence in AKI compared with sham animals and an augmented dihydroethidine response to ANG II in vessels from AKI rats. These data suggest that ROS generation is increased after recovery from AKI.
Previous studies demonstrated that ROS contribute to ANG II signaling in the vascular smooth muscle cells (36) . Consistent with these studies, we found that ANG II responses in AKI vessels were restored to sham levels in the presence of the superoxide dismutase mimetic, Tempol. Consistent with other studies in human coronary and porcine femoral arteries (38), we found no effect of Tempol on responses of GA to ANG II in rats exposed to sham surgery ( Fig. 1) and suggest that the enhanced sensitivity of post-AKI rats is attributable to increased sustained vascular ROS following AKI.
The renin angiotensin aldosterone system is activated in renal failure, and angiotensin receptor blockade is an effective treatment of kidney disease and hypertension. When ANG II acts through the AT 1 -receptor, it stimulates generation of ROS, thereby promoting endothelial dysfunction. However, in a previous study, AKI did not alter microvascular responses to endothelium-dependent dilations to acetylcholine after recovery (3). Cardiovascular disease states are known to reduce endothelial nitric oxide (NO) and other vasodilators by elevating the production of ROS, namely superoxide (25) . Alternatively, other endothelial-derived dilator substances are known to compensate for the lack of NO release in response to agonists (16, 28, 44) . While the mechanism of this maintained dilation was beyond the focus of the present investigation, Fig. 7 . Effect of endothelial denudation on ANG II-induced constriction in isolated GA from postischemic rats. Response to increasing levels of ANG II are shown in endothelial-denuded vessels obtained from sham-operated controls (black bars) and postischemic animals (white bars). Data are means Ϯ SE expressed as the absolute change from baseline. *Significant difference from sham-operated controls (n ϭ 4, P Ͻ 0.05). previous studies have demonstrated the role of the H 2 O 2 in maintaining peripheral vascular endothelial function in cardiovascular disease (33) . Coupled with evidence in the present study, indicating H 2 O 2 generation is modestly elevated in GA of AKI animals (Fig. 2) , it is possible that Tempol does not completely block the ANG II response because of the added vasodilatory effect of H 2 O 2 in the presence of Tempol. However, future studies are required to determine the nature of this discrepancy.
In endothelial cells, NADPH oxidase is a particularly prominent source of superoxide formation (29) and appears to be the primary source of abnormal ROS formation during hypertension (6, 28, 36, 41) . This data is consistent with that of others in which overexpression of vascular NADPH oxidase resulted in increased superoxide production and an increased sensitivity to ANG II (36) . While superoxide itself may act a vasoconstrictor (22) , there was no change in baseline diameter of sham-operated vessels vs. AKI vessels, nor was there any change in the presence of the superoxide dismutase mimetic Tempol. Since exogenous generation of ROS can potentiate endothelium-dependent contractions to agonists (45) , these data suggest that ROS production in GA from AKI may potentiate the ANG II constriction via ROS signaling.
In previous studies, we showed that the angiotensin AT 1 -receptor blocker losartan eliminated the ANG II response in GA of AKI animals (3). Since ANG II stimulates NADPH oxidase activity and expression in vascular smooth muscle cells (14, 39) and endothelium (37), we tested the role of NADPH oxidase enzyme system in contributing to enhanced ANG II responses after recovery from acute renal injury. In these studies, the NADPH oxidase inhibitor apocynin eliminated the ANG II constrictor response in AKI animals (Fig.  4) . Since NADPH oxidase is a prominent source of superoxide formation in endothelial cells, these results support the role of NADPH oxidase generation of ROS in the enhanced ANG II constrictor responses observed after recovery from AKI. This conclusion should be interpreted cautiously since 1) the pharmacologic inhibition with apocynin is limited (17), and 2) there are other enzymatic sources that can generate ROS (i.e., NO synthase, xanthine oxidase, mitochondria, and cyclooxygenase). Although speculative, the repressed expression of UCP-3, a protein involved in mitochondrial antioxidant defense (13) , suggests that increased superoxide may derive from a mitochondrial source. While such investigation is beyond the scope of the present study, there was no effect of the xanthine oxidase (another prominent source of oxidant stress in vascular cells) inhibitor allopurinol on the ANG II constrictor response in GA of AKI rats (Fig. 5) , supporting the conclusion that enhanced ANG II constrictions are dependent on the NADPH oxidase generation of ROS.
It is important to point out that removal of endothelium reduced the ANG II constrictor response in AKI animals (Fig. 5) , suggesting that the endothelium contributes to enhanced ANG II responsiveness in the peripheral vasculature following recovery from ischemic injury. This finding is supported by the paradoxical reduction in AT 1 -receptor gene expression in GA of post-AKI animals ( Table 1) . This is also consistent with reports demonstrating that ANG II may elicit the release of endothelial-derived contractile factors, such as endothelin-1 during hypertension and other cardiovascular diseases (42) . Endothelin-1 is released predominately from endothelial cells (10) . Since endothelin-1-dependent vasoconstrictions can be reduced by the NADPH oxidase inhibitor apocynin (20) , the enhanced ANG II vasoconstrictor effects during AKI may be entirely endothelium-and NADPH oxidase-dependent.
A simple interpretation of our functional data led us to believe that increased endothelial expression of NADPH oxidase subunits results in increased ROS generation in skeletal muscle resistance arteries of post-AKI. However, such a mechanism is not supported by our measurement of gene expression in GA, which showed a paradoxical decrease in the expression of Nox2/gp91 and Nox1 genes. We also evaluated several antibodies and were unable to detect alterations in microvessel NADPH oxidase protein expression in post-AKI rats using immunohistochemical approaches (not shown). Although our use of an antioxidant pathway array is limited to the identification of transcripts, we failed to identify other potential alterations in gene expression related to the NADPH oxidase system or genes or antioxidant genes. Therefore, it is difficult to precisely identify the molecular mechanisms mediating vascular ROS generation; nevertheless, given the observation that apocynin blocked the superoxide signal in GA of AKI animals, it is possible that NADPH oxidase activity is increased independently of gene and/or protein expression.
It is curious that the ANG II constriction is nearly abrogated in the presence of apocynin and in denuded resistance arteries from post-AKI rats. Thus, is appears that AKI induces a switch to a completely NADPH oxidasedependent state from an NADPH oxidase-independent state. The effect of apocynin is thought to be dependent on ROS generation based on both in vivo and in vitro data, and a 30-min washout of apocynin restored enhanced ANG II response. The apocynin effect cannot be explained by a nonspecific effect on constrictor mechanisms post-AKI, since NE responses were not altered by apocynin.
While the mechanism for the abrogated response to ANG II in denuded vessels is not known, it is reasonable to suggest that there is compensation at the level of the vasculature to downregulate ANG II constrictor mechanisms in the face of increased oxidant stress, thus enabling the maintenance of normal tone. We suggest that this may be the basis for the paradoxical decrease in the expression of the AT 1 -receptor, and perhaps also for the repression the Nox1 and Nox2 genes. However, the interpretation of these results is further confounded by the relatively high dose of ANG II used to elicit vasoconstriction compared with the circulating levels measured in the AKI model in previous studies (3), making it important to determine the mechanism of ANG II signaling in future studies of AKI.
A major unanswered question relates to how renal injury imparts altered sensitivity to the peripheral vasculature. This is currently unclear, but is likely mediated by humoral factors. Inflammatory cytokines may contribute to altered ANG II-mediated ROS signaling in the vascular wall after I/R injury. For example, circulating cytokines associated with I/R injury, such as TNF-␣, CRP, and IL-6 induce endothelial oxidative stress (26, 30, 35, 43) . Interestingly, Wassmann et al. (43) demonstrated that the proinflammatory cytokine IL-6 induced an upregulation of the AT 1 -receptor, thereby facilitating ANG II vasoconstriction and oxidative stress vascular smooth muscle cells an unlikely mechanism in this study given the reduced AT 1b -receptor expression in gracilis arterioles of AKI rats (Table 1) . While altered cytokine production has not yet been evaluated in the postrecovery phase of AKI, previous studies suggest that the kidney remains in a persistent proinflammatory state for at least 5 wk in this model (5) . Therefore, the connection between kidney damage and humoral influences as a mediator of peripheral oxidant stress/ANG II axis may represent an important feature of understanding the distant effects of AKI.
Perspectives and Significance
The present study evaluates chronic, persistent changes in vascular sensitivity in an animal model of AKI. There is increased interest in understanding some of the factors that lead to increased morbidity and mortality in patients following AKI. Although kidney injury can lead to long-term complications including reduced kidney function, CKD, and end-stage renal disease, nonrenal cardiovascular complications may represent an important long-term care issue for AKI patients. Increased cardiovascular risk independent of kidney function per se appears to be present even after recovery from kidney injury. The present investigation suggests that the increased risk may be perpetuated by altered vascular function that is mediated by a generalized oxidant stress far removed from the initial injury, the pathogenesis of which may contribute to long-term complications from AKI. sham-operated control. ND, not detectable consistently in both experimental and control samples. *Genes considered differentially expressed as defined as ratio Ͼ mean Ϯ2*SD; derived from the distribution of ratios averaged over 3 separate comparisons; the value was Ϯ 1.34. †Despite inclusion on this pathway-focused array, there are no substantive reports indicating the role of these genes in mediating oxidant stress.
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